infected with a mouse wt p53-recombinant baculovirus, clone 6 rat cells that ectopically express a temperatureapoptosis (reviewed in Marx, 1993; Cox and Lane, 1995) . This led to the concept of the "guardian of the genome" sensitive mouse p53 protein (Michalovitz et al., 1990) , Escherichia coli bacteria that overexpress a soluble form for p53 (Lane, 1992). However, in addition to the dam-of human wt p53 protein, and bacteria that produce an insoluble form of mouse wt p53 protein. The baculovirus-produced protein was purified by nickel-chelate affinity chromatography or by affinity chromatography using the immobilized monoclonal antibody PAb421, elution with 1 M KCl, and subsequent elution at pH 12. Alternatively, p53-containing fractions eluted from the PAb421 antibody column were pooled and further purified by column chromatography on heparin-sepharose. The soluble bacterial protein was also purified by PAb421 affinity chromatography and elution with 1 M KCl (pH 12), or by conventional column chromatography according to the method of Hupp et al. (1992) . The purified proteins were tested for sequence-specific and unspecific ss-or dsDNA binding under a variety of different assay conditions. Here we observed that, whenever Table 1 demonstrate the copurification of p53 protein and of exonuclease activity from lysates of Sf9 insect cells infected with a mouse wt p53-recombinant baculovirus. Due to the presence of a large amount of not-p53 related exonuclease activity in the lysate (see Table 1 ), demonstration of the exonuclease activity specifically associated with p53 required substantial prepurification of p53. This was achieved by immunoaffinity chromatography, where the crude lysate was applied to a PAb421 antibody column, and p53 was eluted with high salt (1 M KCl). Aliquots of each fraction were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by silver staining (Figure  2A ), and analyzed in parallel for exonuclease activity ( Figure 2B ) by the filter retention assay as described in Experimental Procedures. The identity of the protein migrating at 53 kDa in Figure 2A that the p53 protein in the the p53-containing peak fractions (lanes 5 and 6 in Figure 2C ) was essentially pure underscoring the tight association of this activity with as judged by silver staining. Figure 2D demonstrates p53. Furthermore, purification of p53 by heparin-sephathat the exonuclease activity eluted as a single peak rose chromatography led to an additional, ‫-4ف‬fold infrom the heparin-sepharose column, and that its activity crease in specific exonuclease activity of the pooled profile closely followed the p53 elution profile, confirmfractions (Table 1) , with the peak fractions in Figure 2C ing copurification of p53 with exonuclease activity. Over (lanes 5 and 6) containing the highest specific exo-80% of the exonuclease activity applied to the heparinsepharose column was recovered (see Table 1 ), again nuclease activity (1126 U/mg).
optimal, and 80% and 40% of the optimal activity were observed at 20 mM and 1 mM MgCl2, respectively ( (Table 2) . DNA degradation was sensitive to the addition of salt, where NaCl exhibited half-maximal inhibition at ‫001ف‬ mM, and potassium acetate was half-maximally inhibitory at 125 mM ( Table 2 ). The pH optimum of the degradation reaction was at around pH 8.5, with 80% and 70% residual activity at pH values of 7.0 and 10.0, respectively (Table  2) . Furthermore, the exonuclease was inhibited almost completely by 5 mM GMP (Table 2 ), a concentration that has been shown to inhibit effectively the 3Ј-to-5Ј exonucleases of the mammalian DNA polymerases ␦ and ⑀ and E. coli DNA polymerase I (see: Bialek and Grosse, 1993, and references therein). The p53 associated exonuclease activity was similarly inhibited by dGMP, AMP, and dAMP, but not by nucleoside triphosphates (data not shown). Exonucleolytic activity could be competed most effectively with the template · primer combination poly(dA) · (dT) 20 , whereas the ssRNA poly(rU) and the ssDNA poly(dT) were rather poor competitors for exonucleolytic degradation (Figure 3) .
The p53-Associated Exonuclease Exhibits a 3-to-5 Polarity and Produces Deoxynucleoside Monophosphates
The directionality of the p53 protein-associated exonuclease was determined by using differently labeled Monoclonal Antibodies against p53 Deplete both the p53 Protein and the Associated Exonuclease Activity from Preparations Biochemical Properties of the p53-Associated Exonuclease Activity of Purified p53 Protein A 3Ј-to-5Ј exonuclease activity was found in all preparaThe p53 protein-associated exonuclease activity was dependent on the presence of Mg 2ϩ , where 10 mM were tions of wt p53 protein, regardless of the starting source Immunoaffinity column fractions 4-10 correspond to lanes 2-9 in Figure 2A ; Heparin-Sepharose column fractions 8-15 correspond to lanes 4-11 in Figure 2C . 1 Unit corresponds to degradation of 60 pM DNA per 10 min at 37ЊC. Figure 5A shows that the p53 protein could be effectively purified from the PAb421 column by 1 M KCl elution (fractions 1-6), followed by alkaline elution at pH 12 and the way of purification, providing evidence against (fractions 7-16). Salt-eluted p53 starting from fraction an unspecific copurification of a contaminating exo-4, and p53 recovered after alkaline elution, migrated as nuclease. This conclusion was further supported by a single band on SDS-PAGE, and was >90% pure as demonstrating that the monoclonal anti-p53 antibodies judged by Coomassie blue staining. Comparison of the PAb421, PAb248, and PAb1620 completely depleted elution profiles of the p53 protein and the profile of both p53 protein and the 3Ј-to-5Ј exonuclease activity exonuclease activity, as assayed by the filter retention from the reaction mixture, while an unrelated monoassay ( Figure 5B ), revealed that the pattern of p53 proclonal antibody (PAb108) had no effect (Figure 4) . Thus, tein distribution and the pattern of exonuclease activity this exonuclease activity either results from a very specoincided, providing further evidence for a specific ascific association of an exonuclease, present in eukarysociation of the exonuclease activity with p53. This conotic as well as in bacterial cells, or it is intrinsic to the clusion was also supported by the observation that, like p53 protein.
in the copurification experiment described in Figure 2 , the peaks of exonucleolytic activity closely paralleled The Exonuclease Activity Copurifies with Wild-Type, the peaks of p53 protein regardless of the purity of the but not with Mutant p53 Protein respective p53 protein fractions. This is exemplified by To further demonstrate that the 3Ј-to-5Ј exonuclease comparing the exonuclease activity of the comparatively activity is specifically associated with p53, we purified impure salt-eluted p53 fractions 1-3 to that of the relasoluble human wt p53 protein, produced in bacteria, by tively pure fractions 4-6. Although fractions 1-3 conimmunoaffinity chromatography on a PAb421-sephatained considerably more contaminating proteins than rose column as described in Experimental Procedures. fractions 4-6, the exonuclease activity in all fractions corresponded to the amount of p53 protein present in each of these fractions. In a parallel experiment, in order to further probe the specificity of this association and to get an indication for the biological relevance of the p53-associated exonuclease activity, we purified the human "hot-spot" 273 His mutant p53 protein by the same procedures as the corresponding wt p53 protein and analyzed it for exonuclease activity as described above.
The 273
His mutant was chosen because this DNA contact mutant p53 (Cho et al., 1994) is one of the least defective 
As this human 273
His mutant p53 protein was expressed from the same vector, produced in the same bacterial strain, and purified the same way as the corresponding SDS-PAGE-Purified and Renatured p53 Protein Retains Exonuclease Activity wt p53 protein, this finding strongly supports the notion of a highly specific and biologically relevant association
The data presented so far are compatible with either a very specific association of an exonuclease copurifying of an exonucleolytic activity with wt p53. We also have analyzed the 175 His mutant of p53, which is a structural with p53 in its wild-type form from bacterial to mammalian cells, or, alternatively, with wt p53 exhibiting an mutant (Cho et al., 1994), and therefore is in the mutant conformation. As expected, we found it to be negative intrinsic exonuclease activity. To rigorously discriminate between these alternatives, we wanted to exclude the for exonuclease activity.
To further substantiate our claim that an exonucleopossibility of any noncovalent protein-protein interaction during purification. Therefore, we solubilized mouse lytic activity is specifically associated with the wild-type proteins such as bovine serum albumin, yielded negative results (data not shown).
UV Photocross-Linking of GMP to p53 Protein
To provide additional independent evidence for an intrinsic exonuclease activity of the p53 protein, we further it is intriguing that a relative resistance to alkylating agents was also observed with p53-deficient animals temperature.
Measurement of 3-to-5 Exonuclease Activity by Filter Binding Assays Affinity Purification of Histidine-Tagged Protein
The 3Ј-to-5Ј exonuclease activity was assayed by measuring the When histidine-tagged p53 protein was overexpressed, the crude loss of 3Ј-labeled nucleotides after incubation with enzyme. The cellular extract was passed over a 1 ml nickel-NTA column ( 
